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! Dominant'in'many'natural'and'industrial'processesK
! Relevant'to'many'fluidized'bed'processes
like'granulation/agglomeration,'coating/encapsulationK
! Can'be'much'stronger'than'gravity'or'dragK
! Detailed'simulations'at'the'particle'scale'are'essential' '''''''''''''''''''''''''
for'understanding,'modelling'and'optimizing'the'unit'''''''''''''''
designK
! Needs'for'DEM: evaluation'of'particleFparticle'force,'liquid'bridge'
existence'(e.g.'rupture)'conditions,' liquid'repartition'upon'rupture'
(polydisperse'systems)
Capillary'interactions
Solution'strategy
! Assumptions:
○ Pendular'liquid'bridge'(low'saturation)
○ Equilibrium'shape'between'spherical'particles'(no'flow/viscosity)
○ Constant'contact'angle'(i.e.'no'dynamic'effects)
! Solution'to'the'YoungFLaplace'equation'in'the'general'case'without'
shape'approximations'(e.g.'toroidal,'parabolic),'as'a'function'of
○ Contact'angles'(θ1, θ2)
○ Liquid'bridge'volume'(V)
○ Particle'distance'(Ds)
○ Size'ratio'(Rd)
! Results:'capillary'force,'existence and'stability'of'the'bridge,'
position'of'the'bridge'neck
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Constraints
• 6 boundary conditions
• 1 integral constraint:
1 = 2 ∫ #4",56 − 1789
Dimensionless(model(
parameters:
• Ds: distance between 
spheres
• V: liquid volume
• Rd: diameter ratio
• θ: contact angle
NonFlinear'boundary'value'problem'with'integral'constraint
Numerical'method
! Software'for'continuation'and'bifurcation'analysis:' AUTO'07p1
! Tracing'solution'branches
! Localization'of'singular'points'(limit'points,'bifurcations,'etc.)
! Further'continuation'of'singular'points
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Singular'point
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①E.J.'Doedel,'B.E.'Oldeman,'AUTOF07P:'Continuation'and'bifurcation'software'for'ODE.'User'guide'(2009).
OneFparameter'continuation TwoFparameter'continuation
00.1
0.2
0.3
0.4
0 0.01 0.02 0.03 0.04
Ds
V
Lian et'al.'(1993)
Validation'of'the'numerical'technique
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Rabinovich et'al.'(2005)
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At'various'particleFparticle'distances'(monodisperse)
Three'branches'of'solutions:
! Green:'stable'(minimal' free'energy)'solutions'
! Red:'nonFsymmetrical'solutions
! Black:'unstable'symmetric'solutions
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Multiple'solutions'and'stability
! Attractive' force'for'small'bridge'volumes'and'contact'angles.'Decreases'
with'distance
! At'higher'angles'the'force'can'be'repulsive'(small'distance)
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Capillary force'(monodisperse)
! Limited'changes'of'the'force'with'the'size'ratio,'except'close'to'rupture
! For'small'bridge'volumes'the'differences'decrease'further
Rd
θ ='45°
V'='0.1
Rd
θ ='45°
V'='0.001
F2F1
Capillary'force'(polydisperse)
! Rupture'distance'Ds increases nearly'linearly'with' 1: for'small'volumes
! There'is'a'slope'change'when'the'bridges'become'convex
! It'increases'with'the'contact'angle'and'decreases'with'different'sizes
θ
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Rupture'distance'(equal'and'different'size)
! The'neck'position'moves'toward'the'small'sphere'as'Rd decreases
! The'effect'is'more'pronounced'the'larger'are'θ,$V and'Ds
! The'volume'repartition'follows' the'neck'position
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Neck'position'&'liquid'distribution'(rupture)
! For'twoFangle'systems' the'force'lays'in'the'middle'of'the'two'similar'
contact'angle'cases,'if'far'from'ruptureK
! The'rupture'distance'depends'strongly'on'the'volume'and'size'ratio
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Solids'with'different'wettability
Rd
! Numerical model for the rigorous solution of the YoungFLaplace equation
(equilibrium shape of a liquid bridge between two spheres)
! Pendular bridges can be calculated with all the relevant properties in the
general polydisperse case (forces, volume, neck position…)
! Validation shows very good agreement with experiments and for the
stability map of liquid bridges between circular disks
! Capillary interaction between spheres can be easily studied varying widely
the parameters:
○ Sphere distance
○ Liquid bridge volume
○ Contact angle(s)
○ Size ratio
! Future plans for deriving macroscopic expressions of general validity that
could be implemented in DEM codes
Conclusions
